Lidar instruments have proven useful for characterizing the structure and dynamics of aerosol layers. We compare here the diurnal, seasonal and vertical variability of urban aerosols as described by a lidar ceilometer and surface particulate matter (PM 10 ) concentrations using 4 years of observations available at Santiago, Chile, a city having a serious PM 10 air pollution problem. Large diurnal variation of ceilometer backscatter values is observed on average up to 600 m (400 m) above the surface in spring and summer (fall and winter). The diurnal cycles of near-surface ceilometer backscatter and PM 10 concentrations show prominent morning peaks. The large PM 10 evening peak is less marked in the ceilometer backscatter values, suggesting that this significant feature of Santiago's air pollution is constrained to a shallow atmospheric layer. Daily averages of PM 10 concentrations and ceilometer backscatter have correlations of 0.5 for the full data set, and a maximum of 0.75 for April. Results are supplemented with recently available observations gathered with a 355 nm elastic lidar. While the smaller blind region of the ceilometer provides a more complete picture of the aerosol layer dynamics, the higher resolution of the lidar allows a better definition of the aerosol layer structure. Both instruments suggest the frequent development of complex aerosol layers appearing over Santiago during the evening transition. The lidar shows also frequent occurrence of buoyancy oscillations in the stable basin's air mass.
INTRODUCTION
Considered as tracers of the airflow, aerosols provide valuable information on the dynamics and degree of mixing of the atmospheric boundary layer (ABL). Considered as air pollutants, on the other hand, they define environmentally problematic regions in terms of high concentration or high emission of particulate matter. For both applications, observation of the time/space distribution of aerosols in the ABL is of great interest. The lidar remote sensing technique has proven well suited for this task (Kovalev and Eichinger, 2004; Emeis, 2011) . By emitting high-frequency laser pulses and measuring signal returns, lidars provide qualitative and quantitative information on aerosol distribution with high temporal and spatial resolution. With the transit from development-stage to commercially-available instruments, the number of reports on lidar applications in air pollution and ABL problems has increased steadily in the last few years. They have been variously applied to describe ABL dynamics and estimate its height (Cohn and Angevine, 2000; Martucci et al., 2007; De Wekker and Mayor, 2009; McKendry et al., 2011) , as well as to characterize aerosols in the ABL and the lower troposphere (Papayannis et al., 2007; McKendry et al., 2009; Ponczkowsca et al., 2009) . One particular class of lidar deserves special mention. Although initially conceived as instruments for automatic cloud base measurements, lidar ceilometers have been shown to describe ABL aerosol layers during cloud-free conditions quite well (Eresmaa et al., 2006; Münkel et al., 2007; Sundström et al., 2009; Van der Kamp and McKendry, 2010a) .
Application of lidars to probe the ABL of Santiago basin in Chile is of special interest for two reasons. In first place, Santiago's particulate matter (as measured, for example, by the concentration of aerosols with aerodynamic size less than 10 μm, PM 10 ) constitutes a very serious air pollution problem. In fact, although according to its population (~6 Million inhabitants) Santiago cannot be properly considered a megacity, Molina and Molina (2004) included it as a case example for illustrating the most complex urban air pollution problems in the world. Fig. 1 puts Santiago's PM 10 problem in the context of 16 cities in America considered in the Air Pollution section of the last World Bank Development Index report (World Bank, 2010) . Santiago stands out for having one of the highest annual mean PM 10 Table 3 .14 (Air Pollution) in World Bank (2010) . concentrations, with a relatively small population. Being the national capital, considerable effort has been put along the years in reducing the problem through, for example, strict vehicle emission standards and public transportation fleet renewal. Its persistence, however, points to its severe climatic and geographical constraints (Rutllant and Garreaud, 1995; Romero et al., 1999) . Up to now, the extent of Santiago's PM 10 problem has been characterized through a rather comprehensive air-quality monitoring network. While this information is what is needed to assess people's exposure, its near-surface character considerably limits its applicability for understanding the dynamics of the aerosol layers responsible for high impacts near the surface. Thus, lidar-derived vertical characterization of Santiago aerosols opens a new dimension to a better understanding of its air pollution problem. In second place, lidar characterization of aerosol dynamics in Santiago basin should provide very much needed information about various physical phenomena occurring in this complex terrain ABL. Despite its importance, Santiago lacks routine upper-air meteorological measurements performed in the basin. The closest aerological station (Santo Domingo) is located at the coast, about 100 km to the west of Santiago. While above 2000-3000 m above ground level (AGL) limited-scope comparisons suggest relatively good correlation between winds and temperature measured at Santo Domingo and Santiago, the situation is quite different in the lower layers due to the topographical confinement of the basin (Muñoz and Corral, 2011) . Thus, topographically-driven low-level circulations like nocturnal katabatic flows or diurnal valley-mountain flows have been heretofore only hypothesized based on limited data analysis and numerical modeling (Schmitz, 2005; Saide et al., 2011), but not yet fully observed or documented.
The present paper describes observations gathered in Santiago basin with two lidar instruments available only recently. The first one is a lidar ceilometer that has been in operation at the Department of Geophysics (DGF) of the University of Chile almost continuously since 2007 near downtown Santiago. The second one is a more advanced elastic lidar operating semi-continuously since May 2011 at the Chilean Weather Service (DMC) headquarters. These two instruments are beginning to provide a new look at Santiago's air pollution problem and ABL dynamics, part of which we attempt to describe here. More specifically, the objectives of the paper are: 1) to use the more extended ceilometer data to provide a first description of the diurnal/ seasonal variation of the vertical distribution of aerosols over Santiago, 2) to explore the quantitative statistical relationship between ceilometer backscatter profiles and PM 10 concentrations measured in Santiago, 3) to compare ceilometer and lidar observations, and 4) to describe some physical phenomena that lidar observations are beginning to uncover in Santiago's ABL. The second objective has been addressed before in other settings by Münkel et al. (2004; , and van der Kamp and McKendry (2010b) . Ceilometer-lidar comparisons in the third objective, on the other hand, have been presented also by McKendry et al. (2009) , Heese et al. (2010) , and Tsaknakis et al. (2011) . More generally, the current work fits in recent efforts aiming at producing a more detailed characterization of the variability of aerosols in urban environments (e.g. Baxla et al., 2009; Rana et al., 2009) . Fig. 2 shows the urban area of Santiago and the location of the six PM 10 -monitoring stations considered in this study. They measure hourly PM 10 concentrations since 1997, and are subject to high standard maintenance and validation procedures, due to their role in the day-to-day follow-up of air pollution episodes, as well as in the long term evaluation of air quality policies (Koutrakis et al., 2001) . Technical details on the network and measuring instruments can be found in Jorquera (2002) .
DATA AND INSTRUMENTS

Particulate Matter Concentrations
For comparison with ceilometer data we have chosen a PM 10 index constructed as the simple average of the concentrations measured at the six stations mentioned above. Although individual stations show some differences among them, they share similar diurnal and seasonal PM 10 patterns, so that their average can be considered a robust indicator of the particulate matter concentrations above the city. Fig.  3 (a) illustrates the diurnal and seasonal cycles of this PM 10 index. The days used to construct this figure are not the full period of record, but only 877 days for which ceilometer data are considered (see next section). Still, Fig. 3 (a) provides a clear picture of the "climatology" of the PM 10 problem of Santiago. The diurnal pattern of concentrations is characterized by two conspicuous peaks in the morning and evening. They are related to the morning and evening transitions of the atmospheric boundary layer, when high emission rates combine with a small dispersive capacity of the atmosphere (Muñoz, 2011) . In terms of seasonal variation, PM 10 is definitely a fall-winter problem due to the longer nights and the reduced solar radiation availability required to induce diurnal ventilation of the atmospheric pollutants in the basin. Fig. 3(b) shows the day-to-day variability of 24-hour averaged PM 10 concentrations. The strong seasonal cycle is again evident, together with large daily variability. The Chilean standard for 24-hour PM 10 averages (150 μg/m 3 ) is rather frequently surpassed in fall and winter.
Ceilometer Data
A Vaisala CL31 ceilometer operates since March 2007 over the roof (~15 m AGL) of the DGF building close to downtown Santiago (point labeled "ce" in Fig. 2) . A technical description of the CL31 can be found in Münkel et al. (2007) . Its setup in Santiago provides mean profiles of rangecorrected attenuated backscatter (in units of 1/(10 5 ·srad·km), hereafter referred to as backscatter units, bu) every 4 to 8 s with vertical resolution of 20 m. We discard in the analysis the first two data levels because they show apparently unphysical high values. Similar measure was taken by Sundström et al. (2009) and van der Kamp and McKendry (2010a) , the latter mentioning that more recent versions of the CL31 firmware have corrected this problem. In the vertical, the analysis is limited up to 1000 m above the ground, and in time the profiles are averaged over 30-minute periods.
The ceilometer data analyzed covers the overall period from 6 March 2007 to 7 July 2011, although there are periods in which the instrument did not operate, or was moved outside of Santiago basin. Additionally, we have excluded days with rain or substantial fog or low-level clouds, leaving in the analysis 877 days with data ( Fig. 3(b) shows the number of days considered for each month). Still, the days remaining in the database include few hours with clouds at some levels, which must be handled cautiously because of the very large backscatter values they present, and which may contaminate the averages. After analysis of the frequency distribution of backscatter values, we decided to replace all values greater than 500 bu with this maximum value. This replacement affects less than 0.02% of the final database.
Lidar Data
The Chilean Weather Service (DMC) has recently acquired a Raymetrics elastic lidar model LB10-ESS-D200. It emits laser pulses at 355 nm wavelength with a repetition rate of 20 Hz. Return signals are available as 30 s averages with 7.5 m vertical resolution. More details of a similar instrument including a comparison with a CL31 ceilometer can be found in Tsaknakis et al. (2011) . The instrument has been in operation mostly in a 08-24 (UTC-4) mode, beginning on 3 May 2011, in a location about 2.5 km northwest of the ceilometer (point labeled "li" in Fig. 2 ). We present here lidar observations in terms of its range corrected signal (RCS), and other lidar-derived variables computed by its accompanying analysis software.
CEILOMETER OBSERVATIONS
Diurnal and Seasonal Variation
The diurnal and seasonal variation of the vertical distribution of aerosols over Santiago is illustrated by Fig. 4 . Each panel shows 3-month averages of ceilometer backscatter values. The most prominent feature is the diurnal cycle characterized by a deepening of the aerosol layer that starts in the early morning and reaches maximum depth in midafternoon. Night-time near-surface backscatter is weak in the spring and summer, contrasting to the high mean values in the fall and winter. The depth of the daytime aerosol layer is appreciably smaller in fall and winter, consistent with the climatology of daytime mixed layer heights derived by Muñoz and Undurraga (2010) using 2 years of this ceilometer data. A secondary maximum in backscatter that appears at hour ~20 at ~500 m in the fall and winter composites will be shown later to mark the occurrence of complex aerosol layers that frequently appear above the site during the evening transition of Santiago's ABL.
Another look at the diurnal/seasonal variation of ceilometer backscatter is presented in Fig. 5(a) . Based on the backscatter data for the third ceilometer range level (nominal 40-m height) we construct a diurnal/annual cycle diagram similar to that for PM 10 presented in Fig. 3(a) . Comparison of both figures shows similarities in terms of the maximum values occurring in the morning and in the months of May-June. The monthly distributions of 24-hour averages of backscatter values at 40m shown in Fig. 5 (b) present also a similar seasonal pattern as the corresponding distributions of PM 10 in Fig. 3(b) . There are also differences, however, between backscatter and PM 10 patterns. In particular, Fig. 3(a) shows that backscatter at 40 m has a less marked evening peak as compared to that of PM 10 concentrations, and there exist also a few hours of phase shift between PM 10 and backscatter peaks. These differences may be due to the different heights associated to each variable. Panel c) shows the diurnal/ annual diagrams of backscatter for the ceilometer level at 300m above the ground. At this height the "morning" peak occurs later in the day when the ABL height surpasses this height, and the evening peak is much less marked than at 40 m. These observations suggest that the evening peak of PM 10 concentrations is manifestation of a quite shallow aerosol layer near the surface. Fig. 5(d) shows the further decrease in backscatter intensities with height, while at the same time highlighting the secondary evening maximum of backscatter that occurs at these heights in the fall. 
Relationship with PM 10
The previous analysis showed that surface PM 10 and ceilometer backscatter values are well related in terms of their mean diurnal and annual cycles. We quantify now their co-variability at inter-daily scales. For this purpose we have defined for each month groups of high and low PM 10 values based on the upper and lower quartiles of the monthly distributions of the 24-hour averaged PM 10 index. Next, we averaged the ceilometer backscatter values for the high-PM 10 and low-PM 10 days independently. Finally, we computed the differences of these two averages. In order to assign a statistical significance to these differences, we performed a simple Monte Carlo test. For each month we selected random groups of days of the same size as the high-PM 10 and low-PM 10 groups and computed differences of their averages. By performing 1000 of these experiments, we generated a statistical distribution of differences for each hour and level. The significance of the high-PM 10 /low-PM 10 differences is evaluated in terms of this distribution. Fig. 6 shows the results grouped in 3-month panels. Vertical regions and time periods in which the differences are positive (negative) are those for which backscatter is larger (smaller) in high-PM 10 days as compared to low-PM 10 days. As could be expected, below 400 m AGL most differences are positive and significant to 90%. In fall and winter the largest backscatter differences define a region that grows in depth starting very shallow in the morning and reaching maximum vertical extent in the afternoon transition. Interestingly, the differences are non-significant or even negative by the end of the night and above the growing high-difference layer. One interpretation of this observation is that high-PM 10 days are mainly driven by near-surface emissions and stability, and that the air at ~500 m AGL, above the growing ABL, may be even cleaner in high-PM 10 days than in low-PM 10 days. Synoptic analysis of Santiago's air pollution problem has shown indeed that during PM 10 episodes the regional subsidence is stronger (Rutllant and Garreaud, 1995) , which may be associated to a cleaner and drier (but more stable) air mass aloft. In spring and summer, on the other hand, the backscatter differences are smaller but more homogeneously positive over all the lowest 500 m AGL.
Another way of quantifying the relationship between ceilometer backscatter and PM 10 concentrations is through the computation of linear correlation coefficients. Care has to be taken of the strong mean seasonal cycle of both variables, which must be filtered out before computing the correlations. For that purpose, we computed first the monthly anomalies of each variable with respect to their monthly averages. Fig. 7(a) shows the scatter diagram between the monthly anomalies of PM 10 and the 40-m backscatter values for all 877 points of the database. Fig. 7(b) shows the vertical profiles of correlation coefficients built by considering the different ceilometer data levels. Maximum correlation is found near the surface with r ~0.5 for the full data set, and r ~0.75 for April. Van der Kamp and McKendry (2010b) reported a 0.45 correlation coefficient between ceilometer backscatter and PM 10 concentrations using data of 14 vertical profiles measured during one night over Vancouver, Canada, while Münkel et al. (2004; report correlation coefficients ~0.8 in the comparison of 5736 half-hourly averages of PM 10 and ceilometer backscatter intensities measured in Hanover, Germany. Half-hourly time series and one-night vertical profiles, however, may have larger autocorrelations than the daily averages used in the present study, so that correlation values are not directly comparable. Our results, nonetheless, confirm the conclusions of these other studies with respect to the ability of ceilometers to characterize particulate matter distribution in the ABL.
LIDAR OBSERVATIONS
The lidar operated continuously from 23 to 28 June 2011 during the development of an air pollution episode. , and panel c) shows the aerosol backscatter coefficient. The RCS clearly shows the development of the aerosol layers above 500 m that appear during the evening transition. Below 500 m, however, the more homogeneous large values of the RCS make it more difficult to appreciate the evolution of the aerosol layer, as compared to the ceilometer field. The structure of the lidarderived aerosol backscatter shown in panel c), on the other hand, compares better with the ceilometer field. During daytime, the growth of the convective ABL is more apparent in this plot than in panel b). In the evening transition, also, the distinction between the high values aloft and low signal below is similar to that of the ceilometer. The lidar backscatter values, however, show some fine scale noise (very clear around midday) which may be due to its computation algorithm. Differences in the lidar RCS and aerosol backscatter fields originate mainly in the inclusion of the molecular backscatter in the former variable. At the 355 nm lidar wavelength, the effect of molecular backscatter is much larger as compared to its effect in the 905 nm wavelength of the ceilometer.
The appearance of elevated aerosol layers during the evening transition is something that ceilometer data suggests as a rather frequent phenomenon, but that now lidar observations confirm. For the particular day of Fig. 8 , and as part of efforts to monitor the development of the air pollution episode, DMC launched three radiosondes from the lidar site in the morning, around midday, and in the evening. Fig. 9 shows the corresponding temperature, water vapor mixing ratio, and wind profiles from the surface up to 2000 m. In addition, panel d) shows the corresponding average profiles of the lidar RCS. The evening peak at ~800 m in this last panel marks well the elevated aerosol layer. It is clearly associated to a water vapor peak that appears at the same time and height (panel b). All this development occurs in a near isothermal region (panel a) between ~500 and 1200 m, which shows also weak winds, probably due to the topographical confinement of the basin. The large aerosol content of the elevated layers and their water vapor mixing ratio values suggest that they could be originally near-surface air layers that at this time of the day have become detached and arrive at the site as elevated aerosol layers. An alternate explanation could be aerosol growth by moisture uptake as postulated by Emeis et al. (2011) to explain detached ceilometer backscatter maximums in a nocturnal ABL. In their case, however, relative humidities were ~90%, while in this case the detached peak in relative humidity reaches only 56% (fine dotted line in Fig. 9(b) ). As mentioned earlier, these complex evening transitions are rather frequent in the fall, as illustrated by the four examples shown in Fig. 10 . They correspond also to the features leaving a secondary maximum in the ceilometer averaged backscatter fields noted previously in Fig. 4 . The precise dynamics and spatial structure of this phenomenon have not been studied yet, but it may be of importance for the air pollution problem of Santiago. Dwelling into this problem, however, falls beyond the scope of this paper and warrants further study.
Another phenomenon that the lidar has shown is the frequent occurrence of buoyancy oscillations in the lower troposphere over Santiago. This phenomenon is best visualized by means of the lidar-derived variable fdfLR, defined as a smoothed derivative of the smoothed natural logarithm of the RCS (Fig. 11) . The aerosol layers in the stable basin's air mass show often periods with quasiharmonic height variation in time. They are most frequently observed near the surface in the morning (Fig. 11(a) ) and in the residual boundary layer in the evening transition ( Fig. 11(b) ). The most dramatic case up to now is shown in Fig. 11(c) , covering almost 6 hours during the evening transition on 23 May 2011. Several layers of aerosol showing oscillations of various amplitudes during the full period can be observed in Fig. 11(c) . We call them buoyancy oscillations, because their periods (~5 minutes) are similar to the Brunt-Väisälä period of a near isothermal atmospheric layer. What is especially remarkable of the oscillations in Fig. 11(c) is their large amplitude, reaching almost 500 m at ~19:15 in the layer at ~2000 m AGL. In this particular case the amplitude and pulse duration increase significantly with height, as clearly seen in the 18:00 and 19:00 pulses. This observation suggests that the source level of the oscillations may have been aloft. Further study of the forcing and dynamics of these oscillations is left for future research. 
CONCLUSIONS
This paper has described new observations gathered in Santiago (Chile) with two recently available lidar instruments. The large aerosol load of Santiago basin's air mass makes the application of lidars useful for improving the characterization of its severe air pollution problem, as well as for providing a new look of Santiago's atmospheric boundary layer dynamics. A total of 877 days of half-hourly ceilometer backscatter profiles was used to describe the diurnal and seasonal variation of the vertical distribution of aerosols over Santiago. Large diurnal variation of backscatter values is observed on average up to heights ~600 m in spring and summer, and ~400 m in fall and winter. During the cold season, average backscatter intensities in the lowest ceilometer levels are much larger as compared with the warm season, consistent with the near-surface PM 10 climatology. A secondary maximum of backscatter intensities appears in the fall and winter average backscatter fields during the evening transition, which appears related to the frequent development of complex aerosol layers over the site at this time of the day. Comparison of ceilometer backscatter and PM 10 concentrations shows that in terms of their diurnal pattern, both show prominent morning peaks, which in the ceilometer data is weaker and occurs later with height above the ground. The evening peak, on the other hand, which is the most important feature in the surface PM 10 diurnal cycle, is only weakly shown in ceilometer backscatter, suggesting that this significant aspect of Santiago's air pollution problem is constrained to a rather shallow atmospheric layer. In fact, comparison of mean ceilometer backscatter values for high-PM 10 versus low-PM 10 suggests that during PM 10 episodes in the fall and winter, aerosol loads above ~400 m AGL may be lower than during non-episode days. Further comparison of ceilometer backscatter with PM 10 concentrations was accomplished by computation of correlation coefficients between their daily anomalies with respect to monthly means. Maximum correlations were found for the lowest ceilometer data level, with r ~0.5 for the full dataset, and a maximum value of r ~0.75 for the month of April. These figures are similar to those obtained elsewhere (Münkel et al., 2007; Kamp and McKendry, 2010b) .
Comparison of ceilometer and lidar observations was performed for a day during a high-PM 10 episode in June 2011. Due to the ~200 m blind region of the lidar, the ceilometer provides a more complete picture of aerosol layers close to the surface, showing very well the growth of the convective boundary layer during daytime. Aerosol layers at ~500 m in the residual and stable ABL, on the other hand, are more sharply defined by the lidar, especially through its aerosol backscatter derived variable. Both instruments suggest the frequent development of rather complex aerosol layers appearing over Santiago during the evening transition. These layers may highly increase the integrated load of aerosols over the nocturnal boundary layer, resulting thus of potential significance for the air pollution of Santiago. Investigation of their spatial structure and dynamics is proposed as a relevant problem to address in future studies. Finally, the high resolution of lidar observations has allowed observation of fine details in the dynamics of aerosol layers over Santiago. A frequent phenomenon found is the occurrence in the stable boundary layer of short-period buoyancy oscillations. In one of the cases illustrated here, these oscillations were observed for ~6 hours, and had amplitudes up to 500 m at heights ~2000 m above the ground. Study of the forcing and dynamics of these oscillations is another line of future research suggested by these new observations.
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